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Summary
Protein scaffolds play an important role in signal trans-
duction, functioning to facilitate protein interactions and
localize key pathway components to specific signaling sites.
Connector enhancer of KSR-2 (CNK2) is a neuronally ex-
pressed scaffold recently implicated in nonsyndromic,
X-linked intellectual disability (NS-XLID) [1–3]. NS-XLID
patients have deficits in cognitive function and their neurons
often exhibit dendritic spine abnormalities [4], suggesting a
role for CNK2 in synaptic signaling and/or spine formation.
To gain insight regarding how CNK2 might contribute to
these processes, we used mass spectrometry to identify
proteins that interact with the endogenous CNK2 scaffold.
Here, we report that the major binding partner of CNK2 is
Vilse/ARHGAP39 and that CNK2 complexes are enriched
for proteins involved in Rac/Cdc42 signaling, including
Rac1 itself, a-PIX and b-PIX, GIT1 and GIT2, PAK3 and
PAK4, and members of the cytohesin family. Binding be-
tween CNK2 and Vilse was found to be constitutive, medi-
ated by the WW domains of Vilse and a proline motif in
CNK2. Through mutant analysis, protein depletion and
rescue experiments, we identify CNK2 as a spatial modulator
of Rac cycling during spinemorphogenesis and find that the
interaction with Vilse is critical for maintaining RacGDP/GTP
levels at a balance required for spine formation.
Results and Discussion
The CNK2 Scaffold Interacts with Components Involved in
Rho Family GTPase Signaling
To gain insight regarding connector enhancer of KSR-2 (CNK2)
function in neuronal signaling, we used mass spectrometry to
identify proteins that interact with the endogenous CNK2 scaf-
fold. CNK2 complexes were isolated from NG108 cells before
and after 18 hr of nerve growth factor (NGF) treatment. The
complexes were separated by SDS-PAGE, after which pro-
teins were extracted from the gel matrix and analyzed by ion
trap mass spectrometry. To control for CNK2-binding speci-
ficity, proteomic analysis was also performed on exogenous
GFP-tagged CNK2 complexes isolated from NG108 cells (Fig-
ure 1A; Table S1 available online). As confirmation of this
approach, peptides from previously known CNK2-interacting
proteins were detected, including PSD95/DLG5, andmembers
of the SAMD, LAP, and cytohesin families [2, 5–7] (Figures 1A
and S1). Of the previously unknown CNK2-binding partners,*Correspondence: morrisod@mail.nih.govmany were components involved in Rho family GTPase
signaling. These include Vilse/ARHGAP39 that functions pri-
marily as a Rac GTPase-activating protein (GAP) [8, 9], the
Rac/Cdc42 guanine nucleotide exchange factors a-PIX and
b-PIX, and the Rac/Cdc42 effector kinases PAK3 and PAK4,
as well as Rac1 itself. Interestingly, mutations in the genes en-
coding two of the binding partners, a-Pix and PAK3, have also
been reported in patients with NS-XLID [10, 11]. The CNK2
complexes also contained GIT1 and GIT2, which contribute
to Rac signaling through their interaction with a-PIX and
b-PIX [12]. Strikingly, of the proteins detected in the CNK2
complexes, the RacGAP Vilse was the predominant binding
partner, with an almost equal stoichiometry in the number of
peptides detected for endogenous CNK2 and Vilse. Endoge-
nous binding of CNK2 to Vilse, PSD95, Cytohesin-2, b-Pix,
GIT1, and Scribble was further confirmed by immunoblot anal-
ysis (Figure S1A).
A Proline Motif on the CNK2 Scaffold Mediates Vilse
Binding
To further analyze the significance of the CNK2/Vilse interac-
tion, we sought to identify CNK2 residues required for Vilse
binding. When truncation mutants of Vilse were examined for
their ability to interact with CNK2 in coimmunoprecipitation
assays, a protein encoding the N-terminal region of Vilse,
which contains two WW domains, associated with CNK2, as
did the full-length protein; however, a protein encoding the
Vilse C-terminal region did not (Figure 1B). WW domains are
known to interact with short proline-rich motifs [13], and
CNK2 contains two such motifs, with one motif at amino
acid positions 354–357 (PPPP, P1) and one motif encom-
passing residues 703–706 (PPPP, P2). These motifs are not
present in the CNK1 family member, and as expected, Vilse
failed to coimmunoprecipitate with CNK1 (Figure 1C). The
CNK2 P1 motif was further identified as the Vilse interaction
site in that mutation of proline residues in the P1 motif
(P1m), but not the P2 motif (P2m), disrupted Vilse binding
(Figure 1C).
Vilse has been previously reported to interact with the axon
guidance receptor Robo1 in a manner requiring the WW do-
mains of Vilse and the second coiled-coil domain (CC2) pro-
line-rich region of Robo1 [8]. Comparison of the sequences
surrounding the CNK2 P1 and Robo1 CC2 motifs revealed
that both contain hydrophobic amino acids in the 21 and 22
positions relative to the core PPPP sequence and a proline
residue in the +3 position (Figure 1D). Interestingly, when the
CNK2 residues in the 21, 22, and +3 positions were mutated
to alanine (YIPm) in the absence of the core P1 proline muta-
tions, binding between Vilse and CNK2 was significantly
reduced (Figure 1D). These findings support the model that
residues flanking the proline motif may provide additional
specificity for WW domain interactions, and they indicate
that FFPPPPxxP might represent a conserved binding motif
for the WW domains of Vilse. Comparative mass spectrometry
analysis of GFP-WT-CNK2 (WT, wild-type) and P1m-CNK2
scaffold complexes further revealed that Vilse was the only
CNK2 binding partner not present in P1m-CNK2 complexes
(Table S1). GFP-P1m-CNK2 was fully competent to bind all
Figure 1. Identification of Vilse/ARHGAP39 as the Major Binding Partner of CNK2
(A) Mass spectrometry analysis of endogenous CNK2 complexes and exogenous GFP-CNK2 complexes isolated from NG108 cells.
(B–D) Pyo-CNK proteins were immunoprecipitated from lysates of 293 cells coexpressing the indicated Pyo-CNK and FLAG-Vilse proteins. The immune
complexes were then probed for the presence of FLAG-Vilse by immunoblot analysis. Vilse proteins examined include full-length (FL), Nʹ-WW (residues
1–698), andCʹ (residues 699–1083). CNK proteins examined include CNK1,WT-CNK2, andCNK2mutants P1m, P2m, YIPm, and YIPm/P1m. Sequence align-
ment of the human CNK2 P1 motif with the human and Drosophila Robo1 CC2 proline motifs is shown in (D). The arrowheads denote the position that the
indicated proteins migrate when the immune complexes or total cell lysates are separated by SDS-PAGE. IP, immunoprecipitated.
(E) GFP immunoprecipitates were prepared from NG108 cells expressing GFP, GFP-WT-, or GFP-P1m-CNK2 proteins, and the immune complexes were
probed for the binding of the indicated endogenous proteins. Arrowheads are as in (B)–(D).
(F) Localization of GFP-WT- and P1m-CNK2 proteins was visualized by confocal microscopy. A model depicting CNK2 and known protein interactions is
also shown.
See also Figure S1 and Table S1.
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Cytohesin-2 (Table S1 and Figure 1E), and it exhibited a similar
plasma membrane localization as did GFP-WT-CNK2 [14, 15]
(Figure 1F).
Functional Analysis of the CNK2/Vilse Interaction in NG108
Cells
To investigate the functional importance of the CNK2/Vilse
interaction, our initial experiments were conducted in NG108
cells, due to the ease of their biochemical analysis. For these
studies, we first monitored NGF-induced neurite outgrowth
and RacGTP loading, given that (1) the periodic cycling of
Rac between its guanosine diphosphate (GDP)- and guano-
sine triphosphate (GTP)-bound states is required for NGF-
induced neurite outgrowth [16, 17]; (2) CNK2 interacts with
numerous proteins, including Vilse, that modulate Rac cycling;and (3) CNK2 has been reported to contribute a function to
NGF-induced neurite outgrowth that is distinct from any
effects on ERK cascade signaling [18]. As shown in Figures
2A and 2B, depletion of CNK2 protein levels using a small inter-
fering RNA (siRNA) caused a significant reduction in the levels
of RacGTP induced by NGF treatment and resulted in reduced
neurite outgrowth. When siRNA-resistant CNK2 proteins were
re-expressed in the CNK2-depleted cells, WT-CNK2 restored
neurite outgrowth, and even increased neurite length was
observed (Figure 2A). In contrast, cells expressing the P1m-
CNK2 mutant defective in Vilse binding had shorter neurites
and exhibited spreading of the cell body, a phenotype similar
to that observed in cells expressing constitutively active
RacV12 [16] (Figure 2A) and that correlated with elevated basal
RacGTP levels (Figure 2C), suggesting that the CNK2/Vilse
interaction might impact RacGDP/GTP cycling. As expected,
Figure 2. Functional Analysis of the CNK2/Vilse Interaction in NG108 Cells
(A) NG108 cells transfected with the indicated siRNAs or cDNA constructs were treated with NGF and monitored for neurite outgrowth 72 hr after transfec-
tion. Neurite length was quantified for three independent experiments, and error bars indicate SD. r, resistant; HA, hemagglutinin.
(B) NG108 cells transfected with control or CNK2 siRNAswere treatedwith NGF for the indicated times (inminutes) before lysis. Lysates were incubatedwith
glutathione beads containing GST-PAK-PBD, and binding of endogenous GTP-bound Rac to GST-PAK-PBDwas determined by immunoblot analysis. Total
Rac levels are also shown.
(C) Cells expressing vector control, GFP-P1m-CNK2, or FLAG-Vilse were examined for RacGTP levels as in (B).
(D) Cells expressing GFP or GFP-VBR-CNK2were examined for the localization of endogenous (End.) Vilse and for complex formation between endogenous
Vilse and CNK2.
Arrowheads in (B)–(D) denote the position that the indicated proteins migrate when the immune complexes or total cell lysates are separated by SDS-PAGE.
See also Figure S2.
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pression blocked NGF-induced RacGTP loading (Figure 2C).
Moreover, overexpression of Vilse inhibited neurite outgrowth
and resulted in a retracted cell body shape similar to that
observed in cells expressing dominant-negative RacN17
(Figure 2A).
To further assess the effects of CNK2/Vilse binding, gluta-
thione S-transferase (GST)- and GFP-fusion proteins contain-
ing the isolated Vilse-binding region of CNK2 (VBR-CNK2)
were generated. In in vitro GAP activity assays, we found
that when GST-VBR-CNK2 was allowed to bind purified Vilse,no significant change in the GAP activity of Vilse was observed
(Figure S2A). However, when GFP-VBR-CNK2 was expressed
in NG108 cells, the endogenous interaction between CNK2
and Vilse was disrupted, and endogenous Vilse, which nor-
mally localized with CNK2 at the plasma membrane, no longer
exhibitedmembrane staining (Figures 2D and S2C). In a similar
manner, when a GFP protein containing the isolated WW
domains of Vilse (GFP-WW-Vilse) was used to disrupt the
CNK2/Vilse interaction, Vilse showed little to no membrane
localization (Figures 2D and S2B). Taken together these find-
ings suggest that physical binding of Vilse to CNK2 does not
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Vilse localization.
CNK2 Is Required for Spine Morphogenesis in
Hippocampal Neurons
Deletions in the human CNK2 gene are associated with non-
syndromic, X-linked intellectual disabilities (NS-XLID) [3] (V.
Kalscheur, personal communication), and given that patients
with NS-XLID display abnormalities in the number and shape
of their dendritic spines [4, 19], CNK2 may have a biological
function in spine formation. Dendritic spines are small actin-
rich protrusions on neurons that receive the majority of excit-
atory synaptic inputs in the brain [20]. During development,
spine formation begins with the extension of highly, dynamic
filopodia-like protrusions from the dendritic shafts [21]. Upon
axonal contact, the protrusions subsequently stabilize and
mature into spines that are stubby and mushroom shaped
[22]. Spine morphogenesis requires dynamic changes in the
actin cytoskeleton, and Rac is a key regulator of actin struc-
tures during spine formation [20]. Moreover, dysregulated
Rac signaling can cause spine defects, with expression of
constitutively active RacV12 inducing many long, thin protru-
sions that fail to mature into spines and expression of domi-
nant-negative RacN17 preventing both protrusion and spine
formation [23, 24]. As previously reported [25], CNK2 was de-
tected in the dendritic spines of primary hippocampal rat neu-
rons cultured for 18 days in vitro (DIV), and it colocalized with
the excitatory synaptic marker PSD95 (Figure 3A). Endoge-
nous Vilse also colocalized with PSD95 (Figure 3A) and could
be coimmunoprecipitated with CNK2 from lysates of 18 DIV
neurons (Figure 3A), confirming the endogenous interaction
of these proteins in hippocampal neurons.
To determine whether depleting CNK2 protein levels would
alter spine morphogenesis, control or CNK2 siRNAs were
cotransfected with a GFP-encoding construct into neurons
at 7 DIV, after which the neurons were fixed and immuno-
stained for GFP and the synaptic marker PSD95 at 18 DIV.
As shown in Figure 3B, mature mushroom-shaped spines
were clearly visible on the dendrites of control siRNA-trans-
fected cells, and the majority of the spines were associated
with clusters of PSD95 staining. In neurons transfected with
CNK2 siRNAs, the number of mature spines was dramatically
reduced, whereas the number of dendritic protrusions was
increased (Figures 3B and 3C). These effects were specifically
attributable to the loss of CNK2 in that formation of mature
spines was restored when an siRNA-resistant GFP-WT-
CNK2 was coexpressed with the CNK2 siRNA (Figures 3B
and 3C). In contrast, coexpression of the siRNA-resistant
GFP-P1m-CNK2 mutant, which lacks Vilse binding, did not
restore spine formation, but rather caused a more dramatic in-
crease in the number of dendritic protrusions (Figures 3B and
3C), a phenotype again similar to that observed in cells overex-
pressing constitutively active RacV12.
Next, we examined the effect of upregulating CNK2 protein
levels. In comparison to GFP-expressing neurons, neurons
overexpressing WT-CNK2 had a significant increase in the
number of mature spines and PSD clusters (Figures 3D and
3E). In contrast, neurons overexpressing the P1m-CNK2
mutant had an increased number of dendritic protrusions and
fewer mature spines (Figures 3D and 3E). These defects ap-
peared to be due to the specific loss in Vilse binding in that a
similar increase in dendritic protrusions was observed in neu-
rons overexpressing either GFP-VBR-CNK2 or GFP-WW-Vilse
to disrupt the CNK2/Vilse interaction (Figures 3D and 3E).Overexpression of Vilse also had an effect on spine formation,
with neurons expressing GFP-Vilse having smooth dendritic
shafts and few if any spines or dendrites (Figures 3D and 3E),
a phenotype similar to that reported for neurons expressing
RacN17 [23]. Spinematuration could be restored in the Vilse-ex-
pressing neurons when Vilse was coexpressed with RacV12,
and the spine defects observed in P1m-CNK2 neurons were
suppressed when P1m-CNK2 was coexpressed with either
RacN17 or Vilse, suggesting that these morphogenic defects
were due to effects on RacGDP/GTP cycling (Figure 4A).
CNK2Modulates Rac Activity during SpineMorphogenesis
The above findings suggest a model whereby CNK2 tethers
regulators that promote Rac cycling and functions tomodulate
RacGDP/GTP levels at localized sites during spine morpho-
genesis. Therefore, to monitor Rac activity in live neurons,
we used a fluorescent resonance energy transfer (FRET)
biosensor RaichuEV-Rac1 that contains YPet, the p21 protein
(Cdc42/Rac)-activated kinase 1 (PAK)-Rac/Cdc42 (p21) bind-
ing domain (PBD), an EV linker (to reduce background FRET),
Rac1, and cyan fluorescent protein (CFP) [26]. Upon GTP
loading, Rac1 interacts with the neighboring PAK-PBD
domain, thus bringing YPet in close proximity to CFP and
inducing FRET. To determine whether changes in CNK2 levels
affect Rac cycling, we expressed the RaichuEV-Rac1 probe in
neurons that were depleted of CNK2 or that overexpressed
WT-CNK2, P1m-CNK2, or Vilse (Figures 4B, 4C, and S3). In
comparison to control neurons, a decrease in FRET efficiency
was observed in the dendrites of CNK2-depleted neurons,
correlating with the decrease in spine number. Consistent
with its RacGAP activity, FRET efficiency was also reduced
in neurons overexpressing Vilse. In contrast, a small but repro-
ducible increase in FRET efficiency was seen in cells express-
ingWT-CNK2, and amore significant increasewas observed in
neurons expressing P1m-CNK2, with increased FRET de-
tected throughout the dendritic protrusions and in the shafts.
Thus, when the CNK2 scaffold cannot bind Vilse, RacGTP
levels are elevated, correlating with the increase in dendritic
protrusions.
Conclusions
CNK2 is a multidomain scaffold protein expressed primarily in
brain tissues. Although deletions in the human CNK2 gene
have been reported in NS-XLID patients, an explanation for
why loss of the CNK2 scaffold would contribute to NS-XLID
has been unclear. By taking a proteomics approach to identify
proteins that interact with the CNK2 scaffold and, in turn, may
contribute to its biological function, we find that CNK2 inter-
acts with numerous Rac/Cdc42 pathway components and
functions in the spatial regulation of RacGDP/GTP cycling dur-
ing spine morphogenesis (Figure 4D). CNK2 localizes to the
dendrites of hippocampal neurons, and by interacting with
regulators of Rac cycling, helps to maintain RacGTP/GDP
levels at a concentration conducive for spine formation (Fig-
ure 4D). Thus, when the interaction between CNK2 and a regu-
lator such as Vilse is disrupted, the localized balance in
RacGTP/GDP levels is perturbed, resulting in spine defects.
In particular, when CNK2/Vilse interaction is lost, the modula-
tors that promote RacGTP loading go unchecked and RacGTP
levels become elevated (Figure 4D). These findings define a
molecular mechanism for CNK2 function in spine morphogen-
esis and reveal a new role for the Vilse RacGAP in neuronal
signaling.
Figure 3. CNK2 Is Required for Dendritic Spine Morphogenesis
(A) Primary rat hippocampal neurons were cultured for 18 DIV and then fixed and stained for PSD95 and endogenous CNK2 or Vilse. Endogenous CNK2 was
immunoprecipitated from lysates of 18 DIV neurons, and the immune complexes were probed for Vilse binding. Arrowheads denote the position that the
indicated proteins migrate when the immune complexes are separated by SDS-PAGE.
(B and E) Neuronswere transfected with the indicated siRNAs and cDNA constructs (B) or with the indicated cDNA constructs alone (E) at 7 DIV. Morphology
of neurons fixed and stained at 18 DIV is shown.
(C) Quantification of dendritic spines and protrusions in the transfected neurons shown in (B). Error bars indicate SD. *p < 0.05, **p < 0.001.
(D) Quantification of dendritic spines and protrusions in the transfected neurons shown in (E). Error bars indicate SD. **p < 0.001.
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Figure 4. CNK2 Modulates RacGDP/GTP Cycling during Spine Morphogenesis
(A) Neurons transfected with the indicated constructs at 7 DIV were fixed and stained at 14–18 DIV. RacV12 was able to reverse Vilse overexpression defects,
and both Vilse and RacN17 were able to suppress P1m-CNK2 defects.
(B and C) Neurons were transfected with the RaichuEV-Rac1 FRET reporter and CNK2 siRNA or Pyo-WT-CNK2, Pyo-P1m-CNK2, FLAG-Vilse constructs at
8 DIV, and FRET analyses were performed 48–60 hr later. Quantification of emission ratios (B) and ratio images of FRET efficiency (C) in a representative
dendritic shaft is shown. Error bars in (B) indicate SEM. *p < 0.05.
(D) Model depicting CNK2 function as a spatial modulator of RacGDP/GTP cycling.
See also Figure S3.
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Mass Spectrometry Analysis
Untreated NG108 cells or those treated for 18 hr with 50 ng/ml NGF, or
expressing GFP-CNK2A proteins were lysed with low-salt lysis buffer
(30 mM Tris-HCl [pH 8.0], 75 mM NaCl, 10% glycerol, 1% Triton X-100,
0.15 U/ml aprotinin, 1 mM phenylmethanesulfonylfluoride, 20 mM leupeptin,
and 5mM sodium orthovanadate). Endogenous CNK2 or GFP-CNK2A com-
plexes were isolated using covalently coupled anti-CNK2 or anti-GFP
Sepharose beads, respectively, and analyzed by mass spectrometry as
described in Lim et al. [7].
Immunocytochemistry and FRET Imaging
Transfected embryonic day 18 rat hippocampal neurons and NG108 cells
were fixed and stained as described in Supplemental Experimental Proce-
dures. Cell morphology and localization of proteins were visualized by
confocal or epifluorescencemicroscopy. To determine spine and protrusion
density, 10–20 neurons from three separate cultures were examined, and
multiple dendrites were counted from each neuron. Spines were identified
as mushroom-shaped protrusions with associated PSD95 staining. For
FRET imaging, neurons were cotransfected with RaichuEV-Rac1 andCNK2 siRNA or various plasmids at 8 DIV, and FRET analysis was performed
48–60 hr after transfection using a Zeiss LSM 710 confocal microscope.
Supplemental Information
Supplemental Information includes Supplemental Experimental Proce-
dures, three figures, and one table and can be found with this article online
at http://dx.doi.org/10.1016/j.cub.2014.02.036.
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